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Abstract: The goal of this work was to explore the potential of enhanced corrosion resistance of
Ti(N,O) cathodic arc evaporation coated 304L stainless steel using oxide nano-layers deposited by
atomic layer deposition (ALD). In this study, we deposited Al203, ZrO», and HfO2 nano-layers with
two different thicknesses by ALD onto Ti(N,O) coated 304L stainless steel surfaces. XRD, EDS, SEM,
surface profilometry, and voltammetry investigation of the anti-corrosion properties of the coated
samples were reported. The amorphous oxides nano-layers homogeneously deposited on the sam-
ple surfaces exhibited lower roughness after corrosion attack compared to the Ti(N,O) coated stain-
less steel. The best corrosion resistance was obtained for the thickest oxide layers. All samples
coated with thicker oxide nano-layers augmented the corrosion resistance of the Ti(N,O) coated
stainless steel in a saline, acidic, oxidising environment (0.9% NaCl + 6% H20:, pH=4).

Keywords: atomic layer deposition; oxides; oxynitride; corrosion resistance

1. Introduction

The exposure of stainless steel (SS) to harsh environments may result in corrosion
that further limits its performance and durability. It is necessary to develop an effective
method to prevent corrosion. For decades, thin films have been studied because of their
exceptional physical and chemical features including excellent thermal stability, low fric-
tion coefficient, and good wear resistance [1]. These properties have been improved by
means of multilayers deposition onto the selected supports although their application de-
pends on cost and practicality. Physical vapor deposition (PVP), such as the reactive arc
evaporation process, has long been used as an adequate technique to develop monolayer
and multilayer coatings. Titanium nitride (TiN) films obtained by PVD are claimed to
show restricted corrosion protection ability due to their fundamental permeability. The
increase of films thickness has been identified as a practical approach in order to enhance
corrosion resistance [2]. Also, the use of bi- and multi- layered coatings containing two
layers with distinct composition was productively used in engineering applications such
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as automotive, aircraft or tool industries [1]. The superior features are the result of the
presence of interfaces which ensure crack deflection, thus providing enhanced ductility,
and decreased stress levels, resulting in higher adhesion to the bulk substrate. In corrosive
environments the interfaces block the access of liquid to the bulk support, providing a
superior corrosion resistance.

Subramanian et al. investigated the corrosion protection ability of titanium nitride
coatings: TiN, TiON, and TiAIN for biomedical applications [3]. The TiN, TiON, and
TiAIN films were deposited onto CP-Ti support by the DC reactive magnetron sputtering
technique using two targets (Ti, Ti-Al) and a mixture of Ar and N2. The corrosion re-
sistance of CP-Ti support and TiN, TiAIN and TiON films was measured by potentiody-
namic polarization and AC impedance experiments performed in simulated body fluid
solution. Their results showed that CP-Ti /TiAIN coating exh1b1ted h1gher corrosion per-
formance-On S

beeﬂ—demeﬂstlta!eed—[é—S]—Tl(N O) Coatmgs represent a Valuable Ch01ce due to their supe-

rior mechanical and tribological properties. The quite recent studies on titanium oxyni-
tride films explored their dependency on the N/O ratio, which allow their use as solar
selective absorbers [4=El-Fattah, H.A.A.; El-Mahallawi, L.S.; Shazly, M.H.; Khalifa, W.A.
Optical properties and microstructure of TiNxOy and TiN thin films before and after an-
nealing at different conditions. Coatings 9 (2019), 22, doi.org/10.3390/coatings9010022.],
biocompatible materials [5=Rtimi, S.; Baghriche, O.; Sanjines, R.; Pulgarin, C.; Bensimon,
M.; Kiwi, J. TiON and TiON-Ag sputtered surfaces leading to bacterial inactivation under
indoor actinic light. J. Photochem. Photobiol. A Chem. 2013, 256, 52-63.
doi.org/10.1016/j.jphotochem.2013.02.005] , [6=Subramanian, B.; Muraleedharan, C.V.;
Ananthakumar, R.; Jayachandran, M. A comparative study of titanium nitride (TiN), tita-
nium oxy nitride (TiON) and titanium aluminum nitride (TiAIN), as surface coatings for
bio implants. Surf. Coat. Technol. 2011, 205, 5014-5020, doi.org/10.1016/j.surf-
coat.2011.05.004], [7=Duta, O.C,; Ficai, D.; Ficai, A.; Andronescu, E.; Beshchasna, N.; Saqib,
M.; Opitz, ].; Kraskiewicz, H.; Wasyluk, L.; Kuzmin, O.; et al. Titanium oxynitride coatings
deposited by magnetron sputtering for improvement of cardiovascular stent design. In
Proceedings of the World Congress on New Technologies, Madrid, Spain, 19-21 August
2018; pp. 18-20., doi: 10.11159/icnfal8.112], plasmonic material for nanophotonics
[8=Braic, L.; Vasilantonakis, N.; Mihai, A.; Garcia, 1.J.V.; Fearn, S.; Zou, B.; Alford, N.M,;
Doiron, B.; Oulton, R.F.; Maier, S.A.; et al. Titanium Oxynitride Thin Films with Tunable
Double Epsilon-Near-Zero Behavior for Nanophotonic Applications. ACS Appl. Mater.
Interfaces 2017, 9, 29857-29862, doi.org/10.1021/acsami.7b07660], or photocatalytic coat-
ings [9=Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K,; Taga, Y. Visible-light photocatalysis
in nitrogen-doped titanium oxides. Science 2001, 293, 269-271, DOI: 10.1126/sci-
ence.1061051.], [10=Ahmed, M.; Xinxin, G. A review of metal oxynitrides for photocataly-
sis. Inorg. Chem. Front. 2016, 3, 578-590, DOI: 10.1039/C5QI00202H;], just to name a few.
We previously reported on the improved corrosion resistance in 0.10 M NaCl + 1.96 M
H:0: solution of the cathodic arc deposited TiNO coating, with low oxygen concentration
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(about 7.3 at.%), compared to TiN coating obtained by the same deposition method [38]. 100
Even if TiN coatings are known to be corrosion resistant, Esaka et al. demonstrated by 101
absorption and X-ray photoelectron spectroscopies that the oxidation of TiN films in an 102
oxidizing environment is ascribable to the formation of Nx-Ti-Oy like structures, permit- 103
ting the diffusion of oxygen from the corrosive solution, and so is observed a decrease of 104
the corrosion resistance of TiN compared to CrN, in which Cr20s is immediately formed 105
at the coating — solution interface , without formation of a Nx-Cr-Oy like structures 106
[11=Esaka, F.; Furuya, K.; Shimada, H.; Imamura, M.; Matsubayashi, N.; Sato, H,; Nishi- 107
jima, A.; Kawana, A.; Ichimura, H.; Kikuchi, T., Journal of Vacuum Science &Technology 108
a-Vacuum Surfaces and Films 15 (1997) 2521-2528, doi: 10.1116/1.580764]. Attempting to 109
further improve the corrosion resistance of Ti(N,O) coatings with low oxygen content, we 110
consider to apply a second layer of ultrathin oxide coating, due to the known good chem- 111
ical and mechanical stability of oxide films [12=Li, M.; Jin, Z-X.; Zhang, W.; Bai, Y-H.; Cao, 112
Y-Q.; Li, W-M.; Wu, D.; Li A-D., Comparison of chemical stability and corrosion resistance 113
of group IV metal oxide films formed by thermal and plasma-enhanced atomic layer dep- 114
osition, Scientific Reports 9 (2019) 10438, doi: 10.1038/s41598-019-47049-z]. Because TiN 115
and Ti(N,O) grown by cathodic arc evaporation present a compressive stress, we chose to 116
use a deposition method which may produce a very thin, continuous and conformal coat- 117

ing to avoid delamination of the two layers. However-inereasing the corrosionprotection 118
of bulk metallic alloys remains-achallenge. T ia 119
120
121
wtaees-due-to-the-sood-ehonr ne-mechanical stability-of eeramie films. These dense 122

and conformal films are expected to diminish the pinhole density specific for the cathodic 123
arc evaporation deposited coatings, enabling sealing even with thin coatings of nanometer 124
thicknesses [13=9]. 125

Even though various approaches have been used to prepare thin films, it is still chal- 126
lenging to obtain a smooth and conformal dense film. Previous investigations claimed that 127
ALD is an advanced method to engineer films of good quality at the nanoscale 128
[14,15=10,11]. Atomic layer deposition (ALD) is a self-limiting reaction that involves the 129
use of a precursor and oxidant followed by a flow of inert gas [16,17=12,13]. The common 130
advantages of ALD include the control of film thickness, minor structural pinholes, low 131
defect density, and good film uniformity [18-19=14,15]. These unique properties justify = 132
the extensive application of ALD for film coatings over the past decades [20-24=16-20]. M. 133
Fedel and F. Deflorian performed atomic layer deposited Al20s films on AISI 316L stain- 134
less steel [25=21]. The corrosion resistance of Al203 deposits were evaluated by potentiody- 135
namic measurements and electrochemical impedance spectroscopy (EIS) in 0.2 M NaCl 136
saline environment for up to 1000 hours of non-stop immersion. Their outcomes showed 137
that the corrosion current density of the bare support (10°A/cm?) declined proportionally 138
with the increase of deposition layers Al20s-500 (10¥A/cm?) and Al20s-1000 (10°A/cm?), 139
respectively. Their results suggested that the addition of Al2Os layers greatly shielded the 140
bare AISI 316L stainless steel against corrosive aggression. Therefore, increasing the num- 141
ber of ALD cycles increased the film thickness and gave better corrosion protection. Belén 142
Diaz et al. engineered ultra-thin (5 to 50 nm) films of aluminum and tantalum oxides by 143
ALD onto a 316L stainless steel support [26=22]. The corrosion protection behavior of the 144
coatings was investigated by linear scan voltammetry (LSV), and electrochemical imped- 145
ance spectroscopy (EIS) in 0.8 M NaCl saline medium. The effects of the deposition tem- 146
perature (250 °C and 160 °C) and coating thickness were examined. The polarization results 147
indicated that the current density decreased by up to four orders of magnitude with an 148
increase of coating thickness from 5 to 50 nm. In both cases, thicker coatings (50 nm) of 149
AlOs and Ta20s exhibited the greatest corrosion resistance at 250 “C with Al2:Os having 150
superior shielding properties. These examples show that ALD is an ideal method because 151
it is capable of depositing ultrathin, conformal films with sub-nanometre thickness control 152
[27=23]. ALD has been widely used in anti-corrosion applications without diminishing the 153
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desirable functions of the support [13, 27-29=9, 23-25]. Generally, inorganic coatings, es- 154
pecially ceramics, show good insulating, tribological, and corrosion resistance properties 155
in aggressive media. Al20s is the most frequently studied ALD thin film for corrosion pro- 156
tection, because it has been shown to nucleate well on metals giving rise to low porosity 157
that prevents the solution from accessing the metal [27, 30, 31=23, 26, 27]. ZrO2reveals 158
excellent properties such as high strength, high fracture toughness, excellent wear re- 159
sistance, high hardness, and excellent chemical resistance [32-36=28-32]. HfO: is a highly 160
resistive material; its dielectric constant is several times higher than conventional silica 161
gate dielectrics. The Pourbaix diagram shows the formation of a stable passive oxide on 162
hafnium over the entire potential pH range. Due to these features, thin layers of HfO2 are 163
applied for anticorrosion protection [35,36=31,32]. 164

Suk Won Park et al. deposited alumina as a corrosion protective wear onto silver 165
particles by ALD [37=33]. The corrosion resistance of the coatings was evaluated in an 166
artificial sweat solution at 25 and 35 *C for 24 h. The effect of layers thickness (varied from 167
20 to 80 nm) on their corrosion protection ability was also investigated. Their results indi- 168
cate that thick layers of ALD alumina robustly protected the shape and light reflectance 169
of the sputtered silver particles, while the bare silver specimen was aggressively attacked 170
by the simulated body fluid. Similar ALD investigations for corrosion protection of dif- 171
ferent substrates have been reported [38-41=34-37]. 172

However, despite these studies, there is insufficient research on the improvement of 173
corrosion resistant of Ti(N,O) film by ALD coating of ceramic layers. In this study, we 174
coated Al20s, ZrO2, and HfO: thin films of various thicknesses on stainless steel support 175
surfaces by ALD to investigate their anti-corrosion performance. We theorize that A:Os, 176
ZrO2 and HfO:z prepared by ALD could improve the corrosion protection properties of the 177
Ti(N,O) coating that we previously developed by CAE onto stainless steel support [42=38]. 178
Based on our information the deposition on stainless steel supports of different layers ob- 179
tained by CAE and then by ALD was not reported till now. The rational of this approach 180
is based on the attempt to combine the chemical stability of oxide films obtained by ALD 181
which are perfectly enrobing the support, and the high hardness and adhesion of the coat- 182
ings synthesized by CAE. Furthermore, we used an accelerated corrosion test using saline; 183
aeidie and oxidizing solution. To our knowledge there are few examples of such tests car- 184
ried out in such corrosive solution [43-45=39-41] carried out on ALD coated metallie sup- 185
ports. The corrosion protection behavior of the fabricated coatings was assessed by poten- 186
tiodynamic polarization tests in simulated corrosive environment (0.9% NaCl + 6% H202, 187
pH=4). The effect of the number of ALD cycles on ceramic film thickness and corrosion 188
resistance were also investigated. 189

2. Materials and Methods 190

All coatings were deposited on 304L stainless steel, abbreviated in the following as 191
SS. The composition of 304 SS rods, provided by Bibus Metals AG, Fehraltorf, Switzer- 192
land), from which the discs were machined, is (wt.%): Fe = 70.974%, Cr = 17.742%, Ni = 193
8.526%, Mn = 1.23%, Mo = 0.585%, Cu = 0.536%, Si = 0.206%, Co = 0.16%, P =0.021%, S= 194

0.014%, and C = 0.006%. 195
2.1. Coatings Deposition 196

According to a previous study [4=38], PVD deposited Ti(O,N) showed the highest 197
protection efficiency for SS against NaCl corrosive attack. 198

To summarize, the Ti(N,O) coatings were deposited on SS discs (20 mm diameter and 199
2 mm thickness) using a Ti cathode (99.5% purity, Cathay Advanced Materials Ltd., 200
Guangzhou, China) by reactive CAE in a mixture of nitrogen and oxygen. We chose 304L 201
SS because compared to other types of stainless steels, it has a low carbon content, such 202
that it presents a higher corrosion resistance. Also, it is non-magnetic after annealing, 203
which might be of interest for certain applications. 204
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The discs were first polished with abrasive paper (80 to 800 mesh size) and then re- 205
peatedly with 0.5 um diamond suspension to reach a roughness (Ra) of about 13 nm. The 206
discs were cleaned using an ultrasonic bath in acetone, isopropyl alcohol and lastly in 207
distilled water, and then were flushed with dried nitrogen. After being introduced in the 208
deposition chamber, on a rotating holder which ensured the coating uniformity, a residual 209
pressure of 5 x 10 Pa was attained. Then the discs were bombarded by 1 keV Ar+at 102 210
Pa for final cleaning. The Ti(N,O) deposition parameters were as follows: total gas pres- 211
sure during deposition = 8 x 102 Pa; N2 flow rate = 60 sccm; Oz flow rate = 17 sccm; arc = 212
current on Ti cathode = 90 A; support bias voltage =-200 V; support temperature =200 °C. 213
All the 21 SS discs were coated with Ti(N,O) in one run, due to the large diameter of the 214
deposition chamber (80 cm). 215

In the present work, ALD was employed to further inhibit corrosion of the prepared 216
SS/Ti(N,O) by Al20s, ZrO:2 and HfO: layers deposition. Precursors were trimethylalumi- 217
num (TMA, Sigma Aldrich) and deionized (DI) water for Al2Os ALD, tetrakis(dimethyl- 218
amido)zirconium (TDMAZ, Sigma Aldrich) and 30 wt.% hydrogen peroxide (Sigma Al- 219
drich) in water for ZrO2 ALD, and tetrakis(diethylamido)hafnium (TDEAH, Sigma Al- 220
drich) and 30 wt.% hydrogen peroxide in water for HfO2 ALD. 221

For the Al20s ALD, 40 and 80 cycles of Al2Os ALD (40c- and 80c- Al2Os) were applied; 222
for the ZrO2 ALD, 45 and 90 cycles of ZrO:2 ALD were applied; and for the HfO2 ALD, 55 223
and 110 cycles of HfO2 ALD were applied. Each type of oxide coating with two thickness 224
was deposited on three SS/Ti(N,O) samples. 225

In a typical run, the pieces of SS/Ti(N,O) were degassed at 150 °C overnight under 226
nitrogen (N2) atmosphere before ALD. All the ALD processes were carried out at 200 °C. 227
All precursor feed lines were kept above 120°C to prevent the condensation of any pre- 228
cursors. Taking Al20s ALD as an example, TMA was used as the Al precursor and DI = 229
water as the other reactant. TMA was kept at 25 °C to achieve a reasonable vapor pressure. 230
The obtained TMA vapor was carried by ultrahigh purity N2 to the reactor. Then, the sys- 231
tem was held for several seconds. After that, unreacted precursors and any byproducts 232
were removed by ultrahigh purity N2 during the reaction. The timing sequence for a typ- 233
ical Al20s ALD was 5s,10s,180s,30s,3s,10 s, 180 s, and 30 s for TMA dose, system 234
hold, N2 flush, evacuation, DI water dose, system hold, Nz flush, and evacuation, respec- 235
tively. ZrO2 and HfO: ALD followed a similar procedure. The temperature for the 236
TDMAZ/TDEAH bubbler was held at 80°C. The time sequence for ZrO: and HfO2 ALD 237
was 10s,20s,240s,305s,55s,20s,240 s, and 30 s for TDMAZ/TDEAH dose, system hold, 238
Nz flush, evacuation, 30 wt.% hydrogen peroxide dose, system hold, N2 flush, and evacu- 239
ation, respectively. In the ALD process the number of cycles was chosen so as to obtain 240
the same thickness values for all oxides, i.e. 5 nm for the lower number of cycles and 10 241
nm for the highest ones. This choice of metal oxide was based on our previous studies 242
[46=42]. The number of cycles was determined based on different theoretical growth rate. 243
For example, Al:Os exhibited a growth rate of 1.3A per cycle [47=43], while ZrO:> was 1.2A 244
per cycle [48=44], slightly lower than that of Al20s. HfO: had a growth rate of 0.94 A per 245
cycle [49=45]. 246

2.2. Coatings Characterization 247

A Dektak 150 surface profilometer (Bruker, Billerica, MA, USA) - 2.5 um stylus di- 248
ameter, was used to measure the Ti(N,O) coatings and the surface roughness of the SS 249
supports as well as all the deposited coatings. 250

All roughness measurements were done in randomly chosen 10 areas, the results be- 251
ing averaged. The roughness of each coating was determined over 1 cm during 200 s. 252
Three roughness parameters were used for roughness evaluation and their impact on cor- 253
rosion resistance: Ra (arithmetic average), Rq (root-mean square), and Sk (symmetry of 254
the profile about the mean line). 255

A Hitachi TM3030 Plus (Tokyo, Japan) scanning electron microscope (SEM) coupled 256
to an energy dispersive X-ray spectrometer (EDS) (Bruker, Billerica, MA, USA) provided 257
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the surface morphology and elemental composition of the coatings. The elemental com-
position measurements were done in three different areas on each deposited coating, the
results were averaged, and the standard deviation (SD) was calculated. The images of
surface morphology and elemental composition were obtained by mixed images of
backscattering and secondary electrons in one area.

A SmartLab diffractometer (Rigaku, Tokyo, Japan) with CuKa« radiation (A = 0.15405
nm) was used for phase composition investigation. The measurements were performed in
a 20 range of 20° to 100°, using the following parameters: 2° incidence angle, 2°/min. scan-
ning speed, 0.02° step size.

The corrosion process was evaluated by a potentiostat/galvanostat VersaSTAT 3
(Princeton Applied Research, Oak Ridge, TN, USA) and the data were recorded using
Versa Studio software (version 2.60.6, Princeton Applied Research, Oak Ridge, TN, USA).
100 ml of 0.1 M NaCl + H20: (pH = 4) was used as test medium. Th tests were carried out
at room temperature (22 + 1°C). A three standard electrode cell was used, with platinum
as the counter electrode (CE), Ag/AgCl (KCl sat. (0.197 V)) as the reference electrode (RE)
and the investigated specimens as the working electrode (WE) (mounted in a Teflon
holder with 1 cm? exposed area). After immersion, the specimens were monitored for 1 h,
while the open circuit potential (Eoc) was recorded over time. The corrosion potential
(Ecorr), corrosion current density (icorr), anodic (8a) and cathodic (3c) slopes were directly
estimated from Tafel plots, which were recorded from - 250 to 250 mV vs. Eo, at a scanning
rate of 1 mV/s. Polarization resistance (Rp) was calculated based on Stern-Geary equation
[50=46], using the icorr values previously determined, and Tafel anodic and cathodic slopes.

The samples designation indicates the support (SS), the first coating Ti(N,O) depos-
ited by reactive CAE, and the second layer of oxide deposited by ALD along with the

number of cycles, e.g. SS/Ti(N,O)/Al20s-40c.

3. Results

3.1. Surface morphology and elemental composition

Table 1 presents the elemental composition of the samples. The acquisition time for
the EDS analysis was chosen according to films thickness: 1200 s for Ti(N,O) coatings —
about 1 um thick, and 3600 s. for the other 6 oxynitride/oxide coatings.

Table 1. Elemental composition of the investigated specimens.

Sample Zr (at.%) Hf (at.%) O (at.%) Ti (at.%) N (at.%) Fe (at.%)
SS/Ti(N,0) - - 8.95+0.53 52.60+2.28  47.58+1.72 0.87+0.07
SS/TiN,0)- 1.802+0.106 28.13£1.72  41.61+2.09  27.36+1.44 1.09+0.09

Al205-40c
SS/TiN,0)- 2.887+0.165 37.29+2.43  37.11+2.25 21.82+1.25 0.89+0.082
Al20;:-80c
SS/Ti(N,0)- 0.710+0.102 23.18+1.28  48.06+2.14  26.77+1.26 1.288+0.09
Zr02-45¢
Ti -
SS/Ti(N,0) 1.832+0.230 37.70+2.10  44.28+2.49 15.05+0.75 1.14+0.09

Zr02-90c
SS/Ti(N,0)-

'Ti(N,0) 0.006+0.001 8.05£0.49  50.85+2.18 39.70+1.80 1.40+0.10

HfO2-55¢
SS/Ti(N,0)-
HfO»110¢ 0.540+0.127  17.06+1.01  47.99+2.17  33.06+1.60 1.36+0.10

Figures 1 to 4 show the surface morphology of all coatings. It is noticeable that the
few visible pinholes on SS/Ti(N,O) sample disappeared after ALD coating. The EDS re-
sults for each coating, also shown in Figures 1 — 4, indicate the homogenous distribution
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of elements on each sample’s surface, as observed on both images, displaying only the 293
oxides elements (left) and all the elements (right). The presence of each metal in the ALD 294
deposited oxides is well visible, including some small metal agglomeration. This comes 295
from the ultrathin nature of ALD. All the coatings are thin enough that EDS can still clearly 296
detect the metal composition under the coatings. One can observe that the signal corre- 297
sponding to atomic Fe concentration increased in the case of SS/Ti(N,O)-HfO: coatings, 298
indicating that the bilayers were thinner than the other types of ALD coatings, probably 299
due to slow growth rate of HfO:. The actual thickness of HfO:2 may be thinner than ex- 300
pected. The designed thickness of HfO: was estimated from literature. However, the ac- 301
tual growth rate varied because of different conditions such as dose time and different 302
substrates. The reported growth rate was an average value based on several hundred cy- 303
cles. The initial growth rate may be slower than the average value. Unlike Al2O3 and ZrO2, 304
HfO: followed an island growth mechanism: nucleation, development of separated nuclei 305
and flattening. So, 55 cycles of HfO2 may not be enough for a smooth film. Therefore, 110 306
cycles of HfO2 was required to protect the substrate. 307

SS/Ti(N,0)

HMMD?T 2100 1 mm

Figure 1. SEM micrographs (x100) and elemental distribution of SS/T(N,O) layer.

SS/Ti(N,0)-ALO-40¢

HMMD? 8 x100

(x100) a) (x500; x100 in inset)
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SS/Ti(N,0)-ALO,-80¢

HMMDT6 %100
(x100) b) (x500; x100 in inset)

Figure 2. SEM micrographs and (Al and O) distribution of Al20s layer coated with a) 40
cycles and b) 80 cycles.

308

SS/Ti(N,0)-Zr0,-45¢

HMMD7.6 - =100

(x100) a) (x500; x100 in inset)

S5/Ti(N,0)-£Lr0;-90¢

HMMOT 6 100 1mm

(x100) b) (x500; x100 in inset)

Figure 3. SEM micrographs and (Zr and O) distribution of ZrO: layer coated with a) 45 cycles
and b) 90 cycles.
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309

SS/Ti(N,0)-H1O,-55¢

HMMDED =100

(x100) a) (x500; x100 in inset)

SS/Ti(N,0)-HIO,-110¢

HMMOTA 100 1 mm

(x100) b) (x500; x100 in inset)
Figure 4. SEM micrographs and (Hf and O) distribution of HfO: layer coated with a) 45 cycles and b)
90 cycles.
310
3.2. Phase Composition 311

The diffractograms show the maxima specific for the SS support and for the Ti(N,O) 312
coatings. Even if the ALD deposited layer showed no specific signature, it is clear that the 313
ALD process had a certain influence on the SS support, as the support and Ti(N,O) max- 314
ima have lower intensity values. The ALD temperature was 200 °C, which is not high 315
enough to crystallize in general. For example, ZrO: starts to crystallize at 420 °C [51=47]. 316
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Figure 5. Diffractograms of the 304 L support (SS), the Ti(N,O) coating and ALD deposited thin 318
films. 319

The as-deposited HfO: films were amorphous and remained amorphous after an- 320
nealing at 400 and 450 °C. At an annealing temperature higher than 500 °C, diffraction 321
peaks appeared, indicating the formation of crystalline HfO2 [52=48]. For a flat support, 322
the amorphous Al:Os phase of any thickness was always the most stable in the case of 323
ALD deposition [53, 54=49, 50]. 324

3.3. Surface roughness before and after the corrosive attack 325

Figures 6 — 8 show the main roughness parameters of the coatings before and after 326
the corrosion attack. The roughness of all samples increased significantly after the corro- 327
sion tests. The most significant increase of the Ra and Rq parameters was noted for the SS 328
and SS/Ti(N,O) sample, while in the case of the oxide coated samples just a slight increase 329
was observed. Before corrosion, in contrast to the SS and SS/Ti(N,O) samples, the oxide 330
coated samples exhibited not only higher roughness values, but also a large dispersion of 331
the measured value. 332

Due to the quite large non-uniformities present on the surfaces, the roughness pa- 333
rameters of the oxide coated samples are in the same range, such that surface roughness 334
could not be further used in the assessment of corrosion resistance. 335

336
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Figure 6. Ra roughness parameter of the samples: a) before and b) after the corrosion tests.
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Figure 10. SS/Ti(N,0)/A1203-40c surface morphology: 2D and 3D SEM images (x1000) and
related EDS image a) before corrosion, b) after corrosion, c) scanned line on the surface after
corrosion.
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Figure 11. S5/Ti(N,0)/A1203-80c surface morphology: 2D and 3D SEM images (x1000) and

related EDS image a) before corrosion, b) after corrosion, c) scanned line on the surface after
corrosion.
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Figure 12. SS/Ti(N,0)/ZrO2-45c surface morphology: 2D and 3D SEM image (x1000) and related
EDS image a) before corrosion, b) after corrosion, c) scanned line on the surface after corrosion.
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Figure 13. SS/Ti(N,0)/ZrO2-90c surface morphology: 2D and 3D SEM images (x1000) and related
EDS image a) before corrosion, b) after corrosion, c) scanned line on the surface after corrosion.
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Figure 15. SS/Ti(N,O)/HfO2-110c surface morphology: 2D and 3D SEM im-
age (x1000) and related EDS image a) before corrosion, b) after corrosion, c)
scanned line on the surface after corrosion.

To sustain this statement, Figures 9 — 15 present the morphology of coated sample
surfaces, as SEM 2D and 3D images, EDS images before and after corrosion tests, along
with an example of the scanned line on their corroded surfaces showing in detail the sur-
face features responsible for the large error bars. The corroded surface showed traces of
the solution used as electrolyte, as seen in the EDS images.

3.4. Electrochemical evaluation - Tafel plots
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The results obtained from the corrosion tests are presented in Table 2. Considering
the Tafel plots (Figure 16), one can see that both the uncoated and Ti(N,O) coated SS
showed a local disruption of the passive layer, evidenced by the breakdown potential (Eb),
giving rise to a sharp increase of the ion current density, indicating that local corrosion
processes were activated. The Euo(SS/Ti(N,O) is located at about 405 mV while Eb(SS) is
located at 221 mV, indicating that in the bare SS metal the cathodic process was signifi-
cantly higher than in the coated one. No breakdown was observed in the case of samples
with top nano-layer of Al20s and ZrOz. However, SS/Ti(N,O)/HfO: coatings presented two
breakdown values, for both thickness values. Also, the position of both breakdown po-
tentials related to SS/Ti(N,O)/HfO2-55c coating were lower than the one related to
SS/Ti(N,0).

The Tafel slopes (Bc and pa) were determined from the parts which exhibited linearity
in accordance with the Tafel relationship. The calculated values of the cathode and anode
slope were all high. However, for the bare SS support the cathodic slope was significantly
higher than the anodic one, indicating a cathodic reduction detrimental to the anodic ox-
idation. In the case of SS/Ti(N,O) coatings the slopes were quite similar, such that it may
be concluded that the hydrogen evolution and metal dissolution were almost in equilib-
rium. For the ALD coated samples, except for SS/Ti(N,O)/HfO2-110c, the anodic slope be-
came higher than the cathodic slope, indicating an inhibition action of the oxides by
simply blocking the metal from interaction with the acidic and oxidizing environment.
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Figure 16. Tafel plots of oxides deposited on SS/Ti(N,O): a) Al2Os, b) ZrO2 and c) HfO-.
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Table 2. Corrosion parameters (open circuit potential — Eoc, corrosion potential — Ecorr, corrosion 399

current density — icor, polarization resistance — Rp . 400
Sample Eoc (mV) Ecorr (MV) icorr (nA/cm?) Bec (mV) Ba (mV) Rp (kQ)
SS 6 142 1,362 18298  67.75 16
SS/Ti(N,0) 230 345 174 144.961 132.523 173
SS/Ti(N,0)-Al205-40c 190 171 12.6 240 509 5,627
SS/Ti(N,0)-Al20:-80c 281 271 0.5 142 287 82,646
SS/Ti(N,0)-ZrO2-45¢ 202 152 10.3 220 613 6,846
SS/Ti(N,0)-Zr02-90c 348 311 4.5 231 654 16,503
SS/Ti(N,0)-HfO2-55¢ 83 48 4,344 185 428 13
SS/Ti(N,0)-HfO:-110c 157 231 7.7 127 130 3627
401

The value of the open circuit potential (Eoc) depends on the chemical composition of 402

the electrolyte, its temperature and oxygen content, as well as the nature of the investi- 403
gated material [55=51], providing information about the sample’s “nobility”. All coatings 404
presented more electropositive values compared to the SS support (Table 2), indicating a 405
better corrosion resistance due to surface oxidation during the initial immersion in the 406
electrolyte. The highest value was measured for SS/Ti(N,0)-ZrO2>-90c followed by 407
SS/Ti(N,0)-Al05-80c. 408
A high electropositive corrosion potential value (Ei-o0) is commonly admitted to indi- 409

cate an improved resistance to corrosion. Using this criterion, one can observe that the 410
samples coated with thicker oxide nano-layer were more resistant to corrosion attack than 411
those with thinner oxide nano-layer. 412
Comparing the corrosion current density values (icor) we observed that the highest 413
value was obtained for SS/Ti(N,O)-HfO2-55c. All other coatings exhibited lower icorr values 414
than the bare SS support. This parameter is probably the most important in considering a 415
material’s corrosion resistance. In this respect, the samples coated with a thicker oxide 416
nano-layer were more resistant to corrosion attack than those with a thinner oxide nano- 417
layer, in the following  order: SS/Ti(N,0)/Al203-80c>SS/Ti(N,0)/ZrO2-90c> 418
SS/Ti(N,0)/HfO2-110c. 419
The polarization resistance (Rp) parameter designates the degree of protection im- 420
parted by the passive layer formed on the material’s surface, such that a higher Rp value 421
denotes a higher resistance to corrosive attack [56=52]. The Rp parameter has high values 422
for SS/Ti(N,0)/Al20:-80c and SS/Ti(N,0)/ZrO2-90c. Both hafnia top-coated samples show 423
low values, in the following order: SS/Ti(N,O)/HfO2-55c<SS<SS/Ti(N,O)< 424
SS/Ti(N,0)/HfO2-110c < SS/Ti(N,O)/Al20s-40c. 425
For a comprehensive assessment related to the corrosion resistance of the samples 426

we applied the Kendall rank correlation [57=53], considering the parameters with a major 427
influence: Ecor, icor and Rp. Table 3 presents the results for each corrosion parameter la- 428
belled from 1 to 8, rank 1 being related to the best corrosion resistance, and rank 8 being 429
assigned to the worst. The last column shows the sum of the ranks (XRanks) for each sam- 430
ple, and the best corrosion performance corresponds to the lowest Xranks value. Sum- 431
ming the ranks, we obtained the same values (4) for SS/Ti(N,O) and SS/Ti(N,O)-ZrO2-45c. 432
The last column indicates the coatings’ overall ranks. The coating ordering related to their 433
corrosion resistance may be expressed as: SS/Ti(N,0)/Al203-80c > SS/Ti(N,0)/ZrO2-90c > 434
SS/Ti(N,0)/HfO2-110c > SS/Ti(N,0)/ZrOz-45¢ = SS/Ti(N,O) > SS/Ti(N,0)/Al203-40c > SS > 435
SS/TI(N O)/HfOz 55c Iable%—p*ese%ﬁhe*esa&ts%e%ead%e&ﬁﬂg—hbeﬂedﬂﬁtkﬁeﬂewmg 436
2 5 4. 437

HOEH 2 438
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Table 3. Kendall ranks attributed to the coated samples according to 3 corrosion parameters: corro- 442

sion potential — Ecorr, corrosion current density — icor, polarization resistance — Rp. 443
Sample Rank-Ecorr| Rank-icorr | Rank-Rp |ERanks| Overall Rank

SS 7 7 7 21 6
SS/Ti(N,0) 1 6 6 13 4
SS/Ti(N,0)-Al203-40c 5 5 4 14 5
SS/Ti(N,0)-Al203-80c 3 1 1 5 1
SS/Ti(N,0)-ZrO2-45¢ 6 4 3 13 4
SS/Ti(N,0)-Zr0:-90c 2 2 2 6 2
SS/Ti(N,0)-HfO>-55¢ 8 8 8 24 7
SS/Ti(N,0)-HfO2-110c 4 3 5 12 3

444

Summarizing, we conclude that the thicker ALD oxide coatings improved the corro- 445
sion resistance of the Ti(N,O) coated 304 L stainless steel. The best results were obtained 446
when using alumina and zirconia as upper-coatings. Despite the quite high roughness of 447
the coatings after corrosion, the coatings blocked the attack of the corrosive solution. The 448
less promising results obtained for thin hafnia nano-layer coated samples might be related 449
to thinner coating of HfO: than Al:0s and ZrO: due to its lower growth rate, which is 450
consistent with the hafnia composition shown in Table 1, pointing to a certain minimum 451
thickness required for the ALD deposited oxide. This detail should be further studied, 452
being probably a specific characteristic of each oxide. 453

4. Conclusions 454

We report on the deposition on stainless steel supports of two different layers with 455
different compositions, Ti(N,O) oxynitride obtained by CAE and either alumina, or zirco- 456
nia, or hafnia deposited by ALD. Though Ti(N,O) coated 304L stainless steel proved tobe 457
quite corrosion resistant in the applied aeiéie; saline and oxidising environment, the pres- 458
ence of some pinholes, specific for the cathodic arc evaporation still renders it vulnerable 459
to oxidation and corrosion. This work aimed to increase the protection of the surface of 460
Ti(N,O) coated 304L stainless steel in an aqueous aeidie; saline and oxidizing solution by 461
nanometer ultrathin Al2Os, ZrOz, and HfO2 ALD coatings. The corrosion protection be- 462
havior of the fabricated coatings was assessed by potentiodynamic polarization tests in 463
simulated corrosive environment. The effect of the number of ALD cycles on ceramic film 464
thickness and corrosion resistance were also investigated. Two thickness values of the ox- 465
ides were deposited. The surfaces coated by oxynitride and oxides presented a good cor- 466
rosion resistance, the best results being obtained for the thicker oxides, which outper- 467
formed the corrosion resistance of Ti(N,O) coated 304L stainless steel. The thicker Al:Os, 468
71Oz, and HfO2 ALD coatings with ~10nm thickness showed excellent corrosion re- 469
sistance, while the thinner Al20s, ZrO2, and HfO2 ALD coatings exhibited different per- 470
formances. Thinner HfO: film had a lower corrosion resistance than Al20s and ZrO: film. 471
The reason may come from different growth mechanism. The island growth mechanism 472
of HfO: required more cycles of coating to efficiently protect the substrate. Due to the 473
conformal nature of ALD coatings, the corrosion of droplets specific for the coatings ob- 474
tained by cathodic arc evaporation could be efficiently contained, even with a thickness 475
of only several nanometers, blocking the metal from interaction with the acidie-and oxi- 476
dizing environment. 477

The obtained results indicated that by CAE and ALD deposition methods can be ob- 478
tained coatings with higher protection resistance to the corrosive attack in saline, acidic 479

and oxidizing environment. 480
481
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